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NATIONAL ADVISORY COMMITTEE FOR A

RESEARCH MEMORANDUM

INITIAL EXPERIMENTS CON FLUTTER OF UNSWEPT
CANTILEVER WINGS AT MACH NUMBER 1.3

By W. J. Tuovila, Joln E. Baker, and Arthur A. Regler
SUMMARY

A supersonic tunnel designed to operate at Mach number 1.3 was
used for a preliminary experimental flutter investigation of widely
different unswept cantilever wings. Data for 12 wings with mass—
density parameters 1/k ranging from 52 to 268, center—of-gravity
positions ranging from 46 to 63 percent chord from the leading edge,
and elastic—axis positions ranging from 34 to 52 percent chord from
the leading edge are consldered.

A comparison 1s made of the test results with calculations of
bending—torsion flutter obtained by the theory of flutter in supersonic
two—dimensional flow and it 1is concluded that the test data are in
reasonable agreement with the calculated results. In general, the
theoretical values are conservative. As shown by the theory, the flutter
results are quite sensitive to the location of the center of gravity.
Thick and thin, blunt and sharp alrfoil-sectlon shapes were used, but
no very pronounced effect of the section shape on flutter characteristics
was found. The data suggest that for cantlilever wings the bending degree
of freedom may suppress the one—degree—of—freedom torsional flutter and
that coupled bending—torsion flutter effects occur. The experiments
include & study of the effect of the additlon of tip moments of inertia.
With the center of gravity of the tip weights coincident with the center -
of gravity of the wing section no detrimental effect on the flutter

gpeed was found.
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p mass density of alr in test sectlon

M mass of wing per unit span

1/ mass—density parameter (M/npbe)

I, nmass moment of ilnertia of wlng about elastic axis per unit
span

ra? radius—of-gyration parameter (;G/Mbe)

v flutter veloclity, feet per second

ff flutter frequency, cycles per second

n first bending frequency, cycles per second

Ty first torsion frequency, cycles per second

wy, = 2nfy

Wy = 2nfy

8n first bending damping coefficlent

84 first torsion damplng coefficlent

INTRODUCTION

The background and theory for the flutter of an airfoll 1In a two—
dimensional flow at supersonic speeds 18 given iIn reference 1. The
present investigatlon is a preliminary survey to determine the posslbility
of using the theory of reference 1 for flutter at supersonic speeds to
predict the coupled bending—torsion flutter of widely different unswept
cantilever wings at a low supersonlc Mach number. This preliminary
investigation is not Intended as a critical test of the theory since the
analysgis does not consider the effect of mode shape, aspect ratio,
section shape, tip Mach cone, or viscous effects.

A single—degree—of—freedom torsional instability which may occur in
the Mach number range 1.0 to 1.58 is dlscussed in reference 1. In order
to also investigate the possible occurrence of such single—degree flutter
on cantllever wings, the test apparatus was designed to operate at a

Mach number of 1.3.
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A brief discusslon 1s given of the effects of concentrated masses
placed at the wing tip, the center of gravity of the masses colnclding
with the center of gravity of the wing, and the effects of sharp and
blunt leading edges on the wings.

APPARATUS AND TEST METHODS

The tests were made at a Mach number of 1.3 in an "intermittent”
two—dimensional supersonic tunnel having & 9.24—inch by 18.23-inch
test section (figs. 1 and 2).  The apparatus operates from atmospheric
pressure to a vacuum. A quick-operating valve allows a steady-flow
condition to be reached in approximately 0.15 second and this condltion
of steady flow can be maintained for 5 to 7 seconds. To prevent con-—
densation in the test section, a room was constructed at the tunnel
entrance In which the air could be heated. Varlation of the alr
temperature from 170° F to 220° F results in a velocity range at the
test section from 950 miles per hour to 990 miles per hour at a Mach
number of 1.3. The test—section Mach number determined by optlical means
varied from 1.29 to 1.31. The test—section Mach number determined by a
pressure survey showed a variation from 1.31 to 1.33 (fig. 3).

The models were mounted cantilever fashion from the slde of the
tunnel (fig. 4). In order to avoild possible model failure during the
tunnel transient condltlons, and since supersonic flutter characteristlcs
were being determined, 1t was desirable to withhold the model from the
flow during the periods of acceleration and deceleration. A pneumatic—
cylinder arrangement was installed for this purpose (fig. 2). By using
this device the model could be held outslide the tunnel wall until stable
flow conditions were reached. Then, by means of electrlcally operated
valves, controlled by an observer, the model could be allowed to enter
the tunnel slowly and to withdraw quickly 1f necessary.

The flutter models havling rectangular plan forms were constructed
of laminated Sitka spruce and also of duralumin, The wing dimensions
and parameters are glven in table I. The chords ranged from 3.03 to
4.22 inches and the lengths ranged from 6 to 9.12 inches. Both thick
and thin sectlone with blunt and sharp leadlng edges were used. The
airfoll sections used were 3—, 5—, and 8-percent—thick circular arcs,
3-percent—thick double wedge, NACA 16-010, and NACA 65-007. The mass—
density parameter 1/k ranged from 52 to 268, the center of gravity
ranged from 46 to 63 percent chord, and the elastic axis ranged from 3k
to 52 percent chord.

Before each model was installed In the tunnel, its welght, moment of
inertia, and sectlon center—of-gravity positlon were determined. After
installation in the tunnel the elastic axis was located by observing the
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axis of zero twist optically. The first bending frequency and the
damping were obtained from a free—vibration record of the model. Since
the wings were uniform, the stiffness parameter GJ could be computed
from a torsional—vibration record obtalned with a mass of large known
moment of inertia attached to the wing tip. The uncoupled first torsion
frequency could then be calculated. The torsional damping was determined
from the torsional—vibration—decay curve.

The models were designed not to flutter on the flrst run. The
models were progressively modifled by adding lead to shift their centers
of gravity and by slotting to shift thelr elastic axes and change their
bending and torsion frequencies, until flutter occurred. If a model was
saved, 1ts parameters were changed to yleld angther flutter point. The
values of the radius—of-gyration parameter ra? and center of gravity

were determined from the unmodified wing and the added masses.

During each test run, the following data were recorded simultaneously
by means of a recording oscillograph: flutter frequency, position of the
model in the tunnel, and static pressure which indicates the Mach number.

A sample record of the flutter of model B-5 is given in figure 5.
METHOD OF ANALYSIS

The flutter data for the particular wings tested are put in coef-
ficient form and compared with the analytic solution of the supersonic
bending-torsion flutter problem in a two—dimensional flow given in
reference 1. The data of this paper were obtained at a Mach number
of 1.31 and, since aerodynamic coefficlents at this Mach number are not
included in reference 1, & linear interpolation was made between the
computed values of the flutter—speed coefficient at Mach numbers of 1.25
and 1.43, for which the aerodynamic coefficlents are available. First
bending and uncoupled first torsion frequencles and damping
coefficlents gy end g, Wwere used in the theoretlcal analyses.

It is desirable to examine the possible errors Iintroduced into the
results by the method of Interpolation. It is known that the error may
be very large; for example, in the single-degree—of—torsional—-Iinstability
case for the elastic—axis position at 50 percent chord the Interpolation
was made directly between the aercdynamic coefficients at Mach
numbers 1.25 and 1.43. This was necessary since the wing is stable at
& Mach number of 1.43 and the theory ylelds no solution for the flutter-
speed coefficlent under these conditions.

ROTTRILY }:.i}
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RESULTS AND DISCUSSION

The significant flutter parameters and the results of the calcu—
lations are gilven in table I. As indicated by test methods, a large
number of runs were made on wings which did not flutter. Table I glves
only the results for the wings for which flutter was cobserved. In
altering the model to obtain flutter, the center of gravity was moved
back in steps of about 2 percent of the chord. Consequently, the
position of the center of gravity which would produce flutter is known
to about 2 percent of the chord and lies between the position that did
not lead to flutter and the position that produced flutter. The results
are sensitive to center—of-gravity poslitiocn and this may account for
some of the scatter of the data. Contributing also to the scatter of
the data are the inaccuracies in obtaining the wing parameters, the
effect of the degree of penetration of the model Into the tunnel, and
errors in the determination of the flutter—speed coefficients arising
from the method of interpolation.

Some of the results listed in table I are presented in figures 6
and 7. In figure 6 the theoretical and experimental flutter-speed
coefficients are compared. The fact that the experimental data fall
gbove the 45° line, for the most part, indicates that the theory of
reference 1 is generally conservative as Par as application to cantllever
wings 1s concerned. Considering that a slight inaccuracy in the location
of the center of gravity has a large effect and considering also unac-—
counted effects of section shape, aspect ratio, and Mach cone, the
agreement 18 not unsatlisfactory. The theoretical and experimental
flutter frequencies are compared in figure 7; the experimental frequencies
ranged from about 0.61 to 1.09 times the theoretical values. In all cases
the mode at flutter appeared to conslst mainly of a coupling of first
bending and first torsion modes.

Since the present investigation is of a preliminary nature and
covers a wlde range of parameters, no attempt was made to isolate the
effects of separate parameters such as the mass—density parameter,
frequency ratio, elastic axis, and center of gravity which are treated
by the two—dimensional theory, or parameters such as aspect ratio not
treated by the theory.

An attempt was made to investigate some of the possible effects of
alrfoll section shape on flutter. The Intermingling of the data for the
various models (figs. 6 and 7) suggeste that the sectlon shape has no
very pronounced effect on flutter at Mach number 1.3, However, more
difficulty due to divergence was experienced with thick models having
blunt leading edges. This is in accord with the higher-order method of
calculation (order higher than in the linear method) for pressure distri-
bution at supersonic speeds in steady flow which shows that the center
of pressure may move ahead of the 50-percent—chord positlon for thick

blunt—nosed airfolils particularly at Mach numbers near unity. It was
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observed in the tests that the thick airfolls tended to dlverge even
though the elastic axis was ahead of the 50—percent—chord position.
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Since practical winged vehlcles pass through the subsonic speed
range in order to reach supersonic speeds, some discussion of and
comparison with subsonic criterions are desirable. For this purposse,
incompressible flutter—speed coeffliclents were computed by the method
of reference 2 for which flrst bending and uncoupled first torsion
frequencies and damping coefficlents g, and g, were utilized. That

flutter—speed coefficlents based on subsonlic theory are conservatlve

with respect to supersonic speeds has been suggested In reference 3 and,
in fact, is indicated by soms of the calcuwlations 1n reference 1. This
is also indicated by the present tests, as 1llustrated in figure 8 in
which the experimental flutter—speed coefflclents are plotted agalnst

the incompressible theoretical flutter-speed coefficlents. The statement
may not be true in general; for example, the conditlon when the frequency

ratio ;E = 1 may need further lnvestigation and, in any case, the margin
o

of safety 1s not established. ©Soms of the models were permitted to
encounter the tunnel transient speeds and, for example, model "F"™ which
had fluttered at Mach number 1.3 was held in the tummel while the tunnel
was brought up to speed. The wing fluttered and broke at a Mach number
of about 0.7, a result which 18 iIn general agreement with the subasonic
calculation., Flutter data obtalned with bombs and rocket missiles
(references 4 to 6) and other experience 1ndicate that if flutter fallures
occur, they occur, in general, &t near sonic speeds. For the practical
purpose of making preliminary estimates of a wing flutter speed such
fcrmulas aB, for example, the approximate flutter formule in reference 2,
or similar criterions, thus appear useful over a wide range of Bpeeds,

In reference 3, Smilg suggests a torslonal frequency crite—
rion agyty > 1000 feet per second as sufficient to prevent one degree of
torsional flutter at supersonic speeds. The criterion 1s based on the
assumption that the first bending frequency is very high with respect to the
first torsion frequency. In order to lock into this criterion a cantilever
model was equipped with tip welghte at both the leading and tralling edges
which reduced the torsional frequency. The results of the tests are
shown in table ITI. In all cases a slight shift of the genter of gravity
ahead of the locatlon at flutter stopped the flutter. The fact that
flutter 1s extremely Bensitive to the center—of—gravlity positlon and
that the values of the product w.c, are far below 1000 indlcates that

the criterion is overly conservative when appllied to cantilever wings
with normal bending—torsion frequency ratios. The data further suggest
that Por cantilever wings the bending degree of freesdom may suppress
the one-degree—of—freedom torsional flutter and that bending—torsion

eff'ects occur.
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The data further indicate that nc harmful effect an the flutter
speed ensues when the center of gravity of the tip weights and the wing
colncide. It 18 observed that the frequency ratio varies from 0.55 to 0.85
and that the torsional frequency has been reduced to as low as one~third
the bare wing value. For the largest mass moment of 1lnertia on the wing
tip (last case in table II) it was necessary to move the center of gravity
farther toward the tralling edge to produce flutter.

In figure 9, the curves represent theoretical flutter-speed coef—
Piclents for one—degree—of—freedom flutter according to reference 1.
For the sake of posslble Interest, the experimental flutter—speed coef—
ficlents corresponding, however, to the coupled bending—torsion values
are shown superposed on the figure.

It was hoped that some systematic aspect—ratio effects could be
obtalned from the present tests, but the results were rather contradictory.

Some models were used which spanned the tunnel (éxcept for jg-inch tip
1

clearance | 8o that presumably two—dimensicnal flow over the wing could

be expected. By retracting the tip from the boundary layer, flutter of
full-epan models of NACA 16-010 section could be stopped; however, by
retracting the tip from the boundary layer, the flutter amplitude of
3-percent double—wedge models increased. The effect of the subsanic
boundary layer at the tip of the models is not known. In one particular
case the model fluttered at 99 percent of the theoretical frequency on
entering the tunnel and the frequency changed to 128 percent at a smaller
amplitude when the model spanned the tunnel. As the model was retracted,
the flutter frequency dropped to 99 percent of the theoretical value and
fluttered to destruction. A more systematic investigation of the aspect
ratio, and tip and shape effects 1s desirable to clarlfy various aspects
of the problem.

CONCLUSIONS

1. There 1s rather satisfactory agreement between experlimental and
calculated flutter—speed coefficlents. In general, the theoretical values
are conservative.

2. No very pronounced effect of alrfoll-sectlicon shape on the flutter
characteristics was found In these preliminary experiments; however,
significant divergence effects were observed on thlck blunt—nosed airfolls.

3. The data suggest that for cantilever wings the bending degree of
freedom may suppress the one degree of torsional flutter and that coupled
bending-torsion effects occur.

L 051FED
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4, More systematic experimental examination of the effects of the

individual parameters 1s desirable.

Langley Aercnautical Laboratory

National Advlisory Commlttee for Aeronsutics
Langley Field, Va.
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Figure 6.- Comparison of experimental values of V/bwu to theoretical
values of V/bma at M= 1.31.
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Figure 7.- Comparison of experimental values of (nf/wOL with theoretical
values of a)f/ma at M = 1.31.
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Figure 8.- Comparison of experimental values of V/bwu at M= 1.3
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